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Pluto s, in & scnse omr “pateway to the sias” O st mission ofics an opporimity 10 s¢i @ new
approach for exploration in the next millenniom - So bgpite of consinciing, fisesl resomees, o challenge,
sci by NASA Administrastor Mr. Goldm i fo Joad the way o low cosd cxploration of the onter Solar
Sysicm and beyond.

 Formely named “Ploto Vasi Fiyby” AUIPL, preprojeci moans an acinviy expecicd in the fotmc to be s
ling iteem in the Federal budpet. Yor the 1esi of thic clvipter, wo vall use the mmone feniliar ten projeat.




Rackground

To desenbe the evolving, sticmpt 1o Vecp up with rapidly climging oxicinsl 1cguiteinents that has
martked the posi- Cold War cra in NASA sopporicd programs, the pprosch taken in this chapta
stmis with & 1clatively detailed desenpiion of the fust of the four sticimpts 1o come up with &
complete system design aud projeci definition The chanping 1cguinements each year will be
noted and the new project desipn/appnozch desenbed with emphaas on the chiauges 1o the
pevions design/epproach

The Ploto Fast Fiyby Projeci siericd o carly FY©2 with theacalization that the last known,
unvisited planet, could have an initial scientific ivby efia @ 1cdatively shori aroise ime of -6 yis,
comparcd 10 Voyeper’s 12 years 1o rcach the sane distance. This could be done by combining: &
very light flight sysicin (<35 kg) with & powcriol launch sysiem (Fitend JV/Centaur plos sdditional
vppei stapes). Such au approach has gu anmusl lonch opporivmty with & dneci trajeciony,
avoiding, the need for gravitational essisis from bodies such as Jupiter (with its highradiation
ficld). The impetus for this concept was issusnce of the planctary exploration stamp senies by the
U.S. Posta) Service in October 1991, One stamyprcfeined to Ploto ac "Not yet explored.” Clyde
Tombaugh discovered Pluto in 1930 fiom Lowel Obseivatory. Before procecding, with this work
at I, discussions were held vath Mi. Tombaugh and in 1992 gave his "permission” 1o send the
fusi exploratory mission theic.

The initial spacectafl concept was Japely s sinplc stiing desigo (0o 1edundancy) with an optical
camets which would conduct bate mininm bnzging, audé & vadio 10 poriotm radio scicnce of the
Pluto/Charon sysicm (Salvo,1903) ‘Thic initisl concept did 1ot yei tipomronsly consider oveall
mission 1¢clisbility, costs, projeci schedule, o confar with the sppropnsic sacntific group to
detenmine the aceeptable science af Ploto/Chaon Jwas conjecimed that two spacearafi could
cost <§Z00M in FY92dollars. Bascd on this nitie! concept, theie wes sufiicient interest by NASA
to starl more detailed studies beeause the gencral expeciztion st that fune, was that such a mission
had 2 much longer cruise duration (15 10 20 years) and @ mulii-billion dollat price tag. Ploto is
conrently in an atractive position just pasi paihchon snd moving eway fiom the Sun i its 248
year orhit. 1 is thought that Pluto’s tenvous etiosphere will condense < it becomes colde
somctime caly nexi century (2005 - 2025), sficr which the opporivniiy 1o siudy its atimospheie
will nexi present itself in about 200 yezrs, Thos, the sopeesied shori eruise time is & key factor in
NASA's initial intcrest. This interest is boosied by the 1989 encounic with Neptunc's moon
Titon which is & near twin of Pluto iu size and present sola distance, &nd has 1evealed & complex
geology and atmospheie. Finally, somce theonies of the evolution of the Solar Systeim indicate that
there wete possibly thousands of plancis® in the ¢ aly Solar System @nd they were neatly all

(> 99%) similar 10 Pluto. Gicater knowledge of Pluto would give insight into the dominant
forces that shaped ow Solar System’s evolntion (Stern 12497, 1905) 17

. wScaiil "]"l\ll-b-l-l|?ﬂ(!l_r§g§gsmil U Ui, 17 7 487 T OO N T w1 T O T HT=
Astronomy ond Astrophysics (1992), Azl Revicwns, oo Palo Alto, Californiz, 1992,

26 A Stern, *Pluto and the Kuipar Disk ) in Joes in the Sadar Spsiom (C. 6iapgh, M Fesion, and B Schniti,
¢ds), Kluwor, o pacss, 1995,
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1k WCCITATEN0 Spatid 168010000, SIgnal-To- HOISE Tallo, and coverage 101
Pluto, Chaton, end Pluto’s atmospheic. Numeious lowe-prionity objeciives (comtained in 1b and
1¢) were made optional to avoid driving cosis up,

1997 Baschne Mission gnd Flight Sysiein

was Jolfowed by & 7.5 Year craise on & aiedd iepeclony 1o encounter with Pluto in Aug 2005,
Latih occultation of both Plnto and iis moon Cheon was be achicved with a velocity of about
16.5 kw/sec1elative to Pluto.

* In this contexi, a planct is & body o1biting the son whose size is suflicient 10 assmne a nearly
sphencal shape doe to gravitational forces,

3Robari 1. Stachle, Douglas S. Abrahain, John B, Carraway, Paul ). Esposito, Elzine Bansen, Chiisiopher G.
Salvo, Richiad J. Tenile, Richard A Weallace, Stacy S Weinsicing, “Explotation of Pluto,” paper 1AF-92-0558,
4313¢ Congiess of the Jutcrnational Astronauiical Fedorabon, Washingion, BC, 1992 Septeber.,

AC. G. Salvo, “Small Spacecraft Conceptual Desiga for a Flulo Fac Flyby Mission,” papcr ATAA-93-1003, ATAA/
AHUS/ASEL Acrospace Design Confeicnog, Iiving, Califoraia, 1993 Folnoary.
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science object ives.
1.ower Cost Features in the '92 Baseline

The major factor to reduce costs for the devclopment project was to cat ry a payload that directly
explored only about 25% of the. science inter ests in aplanetary fiyby, These interest were
embodied in the category 1 a objectives as dc.fined by the appropi i & ¢ science working group. This
was the minimum that this science gioup would eccept. Without working hard with Outer
Planets Science Working Group toanive at this scceptable minimum, there would have been 3 to
4 times the science object ives and aneed for 3 to 4 tirnes the science insttumentation. Thus,
scoping the science to was the largest single factor in reducing the complexity, mass, required
power and cost of the mission.

It wasinteresting to note that when the scientific capability o f the suite 0f4 resulting, instruments
were examined against all the science int e ests, they were able to achicve about 75% of the total
category 1 science (Table 2).




TABLE 3 RESULTS OF PLUTO MISSION DESIGN and PROJECT DEFINITION

MISSION NAME (year)

' RESULTS

Pluto Fast Fly-by 92 Baseline

- Mission Development Cost= FYg2$ 363 M

- 3 1/2 yr Project Dyration (Pre-project is 2 y-s)

- 7.5 yr Cruise to Pluto

. 1yr Data Playback After Encounter

- Science 's Acceptab'e Minimum (Calegory *2)

- Global Geoloay & Morpholoay

- Surface Composition Mapping

- Neutrai Atmosphere Composition & Structure

Pluto Bast Fly-hy '3 Baselire

- Mission Development Cost = FY938 310 M (S 383 M when phase B included)

!

. About 20 New Technologies Introduced

.- Fligh* System Mass Reduced from 165 kg ‘o 1“2 ki

>}

(we*)
L)

. ~ ol oY1)
- 82y Cruse

- 3 morth Data Plavback

[FlUto Fasl Fly-Dy 24 Zaseline = Tt NASA e Cyole Cogt 's SVRLI AZNY (redycel from EVYRRG 400V

i- Mission Development Cost = FY24S 305 M (S 340 M when phase B included) t
! 1- 4 1/2 yr Project Duration Due to Funding Profile Limit ;
; - 2.3y Trrise '

- 2 month Data Dlavback

}- Science !s More Thar Acceptable Minimum (Category 12 + Atmospheric Probe)

'
]
Y

== TY 40025}
0 EXDress (Y1225

. ~1d yr cryise

i- US or Russian Launch Vehicles

t- ~5 JPL People Cruise Mission Staffing

|- Sciencecraft Development Approach
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Simple Design

Reduce Use of Breagooard/Brassoboards

Ne Ful! System Prototype for Use As Flight Spare

Ulse Togt Bed for Elioht [Ground So%ware Development
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The next most important factor in keeping costs low was to keep the. rest of the spacecraft simple.
For example, there is no instrument scan platforny, unfolding antennas, or panels that open, Cold
gasthrusters are used for attitudecont O1 rather than the more complex reaction wheels or
moving secondary mirrors. There is no low gain antenna.

The third mgjor areafor lowering costs in this concept isminimizing the use of new technology
and utilizing existing parts (Spares from previous missions), with high inheritance from previous
designs and technology. In general, the spacecraft used components that would have been
qualified within 2 years (by 1994) with minor exceptions. The RTG utilized long mission proven
silicon germanium thermocouples, as well as the standard general purpose heat source modules
aready safety tested for the Galileo Jupiter mission. The propulsion subsystem is entirely off-
the-shelf, with a high gain antenna from residual Viking hardware. Many components have
Cassini mission inheritance. The Solid State Power Amplifier is bawd on commercially available
parts in a new component design. The Telemetry Control Unit is a reduced function device using
Cassini pieces repackaged in a smaller form. The exceptions to inheritance hardware are
relatively low risk developments.

The use of known U.S. launch systems with a good data base (safety data book developed for
Cassini) Ssmplifies the launch approval and National Environmental Policy Act review process.
This reduces the schedule and cost risk in these areas.

Although not part of the mission development cost goal, approaches to mission operations and
DSN tracking were defined so that the overall project cost would be reduced. Prior missions
often ignored mission operations costs during early design phases. A cooperative approach was
taken between JPL and a university-bawd mission operations center patterned in part after the
successful JPL/University of Colorado Solar Mesosphere Explorer mission, Mission and
spacecraft design features are key to lower Missionoper ations costs such as long periods of
unattended operation during cruise, using a single weekly tracking and data collection pass of4
hours. On-board data processing minimizes theamount of engineering data that must be
downlinked and analyzed.

Development began on spacecraft capabilities that allow cruise commands to be uplinked without
elaborate simulation and constraint checking, The encounter command sequence is pre-planned
and tested during cruise and is dlightly adjusted only immediately before closest approach. A

large on-board memory permits capture of all science dat a and allows its subsequent return over a
limited downlink viaroutine daily DSN passes for up to ayear following encounter. A progressive
development philosophy was adopted where the basic mission operations system is developed at
the star-t of the project and used to support. @range of activities evolving from subsystem test,
spacecraft test and calibration and intopost-launch operations.

The resulting mission development cost of ¥Y92$363M is considerably less than would be
expected based on previous experience. For example., even a duplicate set of spacecraft based on
the CRAF/Cassini program with a repetitive procurement would cost two to three times more.
This Cassini orbiter spin-off approach to a Pluto Flyby mission would have involved more than a
dozen instruments with greater capability, but. would far exceed what the Outer Planets Science
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Working Group deemed mandatory for the first Pluto mission. These. cost reduction techniques
are summarized in Table 5.

FY93 Mission Requirements

At the end of FY92, an additional requirement was placed on the mission tcr introduce substantial
new technology into the project, asindicated inTable 1. The rationale was that in addition to the
scientific and exploration basis for themission to Pluto, national interests were also served by
accelerating the introduction of new technologies. These technologies would be used in future
space missions with some technologies likely to spin-off t o commercial uses. In addition, public
outreach and student involvement wer € emphasized as an important aspect of the project.

Substantial amounts of advanced technology are 10 be introduced without any relaxation of the
other requirements such as a mission development costcap of FY92$ 400 million. Thiswas a

severe challenge since introducing numerous new technologies usually increases cost and schedule
risk.

The Pluto team responded in early FY93 by creating an Advanced Technology Insertion activity
to transfer new technology to the Pluto project from sour ces in industry, academia and federally
funded research and devel opment centers. The new technologies are al so expected to reduce
spacecraft mass, thus reducing cruise time and compensating for the lengthening of the
development project to introduce new technologies, The. 92 baseline is used as a collection of
subsystem fall back positions to mitigate incr eased development risk when necessary.

After establishing alist of potential sources of new hardware and software technology, over 1200
requests for information were sent. Afler evaluating responses, workshops were held describing
the range of project needs for new technology. Finally, after the requested information was
evaluated, 16 procurements or agreements were initiated for prototype hardware and software. A
NASA research announcement wasissued early in 1993 for the purpose of finding and
demonstrating promising instrument technologies. As result of these initiatives, key technologies
listed in Table 6 emerged as applicable. to the Pluto project (Staehle, ¢f al. 1993).¢

One of the key indicators of improved performance is reduced subsystem mass. If the launch
system isthe same, this trandates into reducedcruise time to Pluto for direct trgectories. The’92
baseline spacecraft mass (including payload) went from 165 kg to 119 kg in the ' 93 basdline. The
greatest improvements were in the telecommunications and propulsion subsystems, with
significant improvements possible in structure and electric power.

The project schedule was trandl ated oneyear from the'92 baseline, and the project start was set
for FY 96 with a 3.5 year phase C/1) and a dual launch in Jan/Feb ' 99. The estimated cost for
mission development (project start to launch 4 30d) is FY93$ 322 million. Because of the large

SRobert L. Staehle, Stephen Brewster, Doug Caldwell, John Carraway, Elaine Hansen, Paul Henry, Marty Herman,
Glen Kissel, Shirley Peak, Chris Salvo, Leon Strand, Richard Terrile, Mark Underwood, Beth Wahl, and Stacy
Weinstein, “Pluto Mission Progress Report: Lower Mass and Flight Time Through Advanced Technology
Insertion.” 44th Congress of the International Astronautical Federation, Graz, Austria, October 16-22, 1993.
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number of new technologies, substantial funding was needed prior to project start, When FY95
(Phase B) is added, the total is FY93$ 383 million which is essentially the same as estimated at the
end of FY92. The '93 Baseline cost breakdown for the phases B+ C/A) isshown in Table 4.

To keep the cost |ess than the capof ¥Y92$ 400 million while substantially increasing the use of
new technology, project risk was increased by di opping t he building and system testing of a flight
prototype system. Hardware development would go directly from engineering model at the
assembly level, to flight units. In addition to staying within the cost cap, the mission objective to
launch as soon as practical (5+ years for phases A, B andC/ID) was maintained. Thisrequired a
large increase infunding after the first year, and the phase B budget wasFY93$ 61 million to
accelerate the phase B work so that itcould be done in one year. Estimated total NASA life cycle
cost of the project from phase B to encounter at Pluto plus 1 year for data analysis including the
launch system and mission operations for 10 years, was ¥Y93$1, 100 million.
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Mission Operations $TBD ' 28150 M concurrent test bed development of ﬂighf & ground systems
and Data Analysis common Ticht & orannd command architecture/langnage
29.5 201 212
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Figure | PLUTO '93 BASELINE DESIGN
THERE ARE MANY IMPROVEMENTS OVER THE FY 92 BASELINE
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Propulsion subsystem mass went from 20 to 10 kg based on use of miniaturized pressure
regulators and valves, a composite over-rapped p: essurant/propellant tank, and a surface tension
propellant management device. Mass of the hydrazine monopropellant was reduced from 24.6 to
7 kg with improvements in the injection accuracy by using 3-axis stabilization of the upper stages
plus reduction of the overall spacecraft mass. The '92 design using ali aluminum structure was
changed to a mix of aluminum and graphite-epox y composite, and the cabling and connectors
mass were minimized to reduce structure and cabling subsystem mass from 20 to 14.6 kg.
Improved thermal zoning with the RTG eliminated the need for small, Separate radioisotope
heater units and for controllable electrical heaters in the thermal subsystem, Central power
conversion with several voltages available was enabled by small size and short cable runs.

Advanced power conversion technologies such as alkali metal thermoelectric conversers and
thermophotovoltaic converters were. considered with the potential to significantly reduce the mass
of the power subsystem. However, both of these. technologieswere felt to be too immature to
meet the Pluto mission’ s schedul e requirements (199 launch). A change in the RTG’ s support
structure did allow a mass reduction from 23,2 to 19.4 kg for the 93 baseline.

Lower Cost Features in the '93 Baseline

Theintroduction of these advanced t echnologies did reduce the massby nearly 50 kg. Thisin
turn reduced mission operations costs on the direct trgjectory because. the launch system could
impart a higher Earth escape velocity.

For the baseline RTG power source option, aplan was devised to usc the spare fuel elements
from the Cassini RTG rather than new fuel, and this reduced cost substantially. Although the
nuclear fuel was aged and generated less heat. than new fuel, a small RTG could be built with
sufficient power by using 6 of the genera] purpose heat source modules. Two flight unitsand a
fueled spare were possible at a cost savings ofabout $2S million (the Cassini spare has 18
modules).

The approach to mission operations was modified somewhat by using a combined team at JPL
(operations at critical times or for anomalous events) and a university team (many routine
operations at aremote site using students and professionals). Eight hours of tracking and data
collection per week are planned.

The full-up prototype system (which acted as a flight spare spacecraft) was dropped as a
significant cost saving item, increasing the risk of successfully completing the project within
schedule and budget. A number of compensat ing risk reduction and cost saving features were
introduced into the * 93 baseline project in a wide range of areas such as. teaming and organization
(Table 7), design approach (Table$), NASA role (Table 9), information system and project
control (Table 10), and the procurement approach (Table11). All these cost reduction techniques
used in the '93 Baseline Pluto Mission are summarized in Table 5.

The approach used for teaming and project organization have a great deal to do with-the people
productivity in executing a project. Although technology receives most of the emphasisin
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Table 8 New Flight System Design Approach

concurrent design of all systems while keeping ts ack of life-cycle cost, mass, power,
performance, and schedule

- concurrent development from day one with persons responsible for all major WBS deliverables
involved

- integration of the design and implementation of the system software of the flight and the ground
data systems, and their incorporation within a single. end-to-end information system

- use of breadboard for Advanced Technology Insertion technology, and brass board hardware
for amost all subsystems, and system esting of the. brass board equi pment

- establish length of development schedule and don’'t change. it

- use common high order language and same operating system rind S'W in ground tests as in
flight operations, and onboard RISC processor

- simplified approaches to flight operations, to the role of requirements in design, and the
approach to project documentation

basing reliability on Class C mission approach with some tailoring for critical items

spares limited to assembly level (integrate.d) items with procurement time greater than 6 weeks

- eliminating radioisotope heat ing units by using RTG viaathermal zone configuration design*

* This applies to the baseline concept only. Ot hier power source opt ions might necessitate the use
of RHUs. A final decision on the power source will not occur until afier completion of mission
options tradeoffs during Phase. A/B.
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Table 9 Supportive NASA Role

early decision on key project components that drive launch app: oval/National Environmental
Policy Act compliance work such as new project start dates, launch dates, etc.

- early interagency agreement on production process for environmental impact statement launch
system safety data book, and safety analysis report generation

- timely release of notice of intent by NASA as part of the environmental impact statement
process

- timely direction by NASA inlaunch vehicle choice

more substantial early budgets to make investments required to reduce life cycle costs

Table 10 Improved Information System and Pr gject Control Used in ' 93 Baseline

smplified; flexible drawing and drawing release systen

thoroughly record important work

requirements documents less than 1 page

no written document generated until a user requests it

no document generated unless team carrying out project needs par titular document

- document a new design by as-built (earlier generation plus changes/deltas)

use a risk management approach throughout the mission development that includes risk
identificat ioN, risk tracking and risk mitigation str ategies for technical, cost, schedule and
programmatic risks

establish reserves and alocate via plan for cost, schedule and flight system design margins

use of integrated schedules and a ssimplified earned value System with frequent statusing to
maintain better cent rol of t he p1 gect

low disruption potential planning with pessimistic (low budget) approach to detailed planning
for next fiscal year
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Table11  Improved Procurement Approach Used in’ 93 Baseline
establish specifications/requirements pi ior t0 contracting
make/buy decisions based on cost and most qualified source

buy hardware and sofiware, not designs and studies

set difficult specifications where they count (to achieve cost, mass, power usage goals) and
relax elsewhere

implement cost cap contracts
communicate importance of cost performance to contractor CEOs
no contract mods without primary accountable team member approva (the
primary accountable. is the technic.al lead reporting to the project manager)

minimum RFP agenda
streamline University contract ing, i, e. two page cent rac pius cover letter
use contractor procedures
reporting fortnat
product assurance
delegate contractor responsibility to get good vendor bids for subcontract work

use frequent informal cost and schedule status discussions between JP1, and contractor
cognizant individuals

use simple contract cost and schedule monitoring and n ianagement tools
solicit contractor ideas on:

- commercial applications

- competitiveness

- educational benefits

- ways for government to amplify benefits
contract for current item with option to produce next st ep in devel opment

include contractors in project team and avoid adversarial relationships to improve
communications, avoid misunde: standing and reduce costs

provide contractor with timely funding unless agreed otherwise

implement “just in time” approach
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Table 13 Other Factors Used to Reduce. ' 94 Baseline Costs, continued










real time cost actuals. The combination will allow a better planned and executed project at lower
overall cost and risk.

6. Close Alignment with the New Millenniuin Technology Develop ment and Demonstration
Program: Pluto Express and the New Millennium Program ere closely linked, with key staff dual
appointments, and frequent, informal coordination among many other team members. New
Millennium will develop and flight demonstrat € many Of the key technologies needed for Pluto
Express. Not only will Pluto Express use the demonst rat ed technologies, but will attempt to use
the actual devices without change in design through exercising a next-unit purchase option in the
contracts opened by New Millennium. in some a1 eas, this will allow Yluto Express to eliminate
most development costs and to obtain flight units at recurring costs. in addition, to reduce the
cost of the mission operations (phase ¥2), a significant amount of flight system automation will be
developed in New Millennium and utilized by Pluto Express.

It is expected at this time that the Pluto team will meet the current set of requirements for this
mission to the edge of the Solar Syst cm, In today's t umultuous fiscal environment, it is not clear
how the requirements will continue toevolve and whether Pluto will] emain “not yet explored”
for the foreseeable future.
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